An NMR method is described, based on coherence transfer in the rotating frame, which allows for the rapid determination of proton resonance assignments in oligosaccharides. The composite one-dimensional spectrum of the oligosaccharide is decomposed into a subset of spectra that are derived from individual monosaccharide residues. Proton resonance assignments can be obtained from these subspectra by inspection of the multiplicities of the component resonances and by spectral simulation. The method is shown to have particular value in the assignment of proton resonances derived from primary sequence branch-point residues, which often have complex spin-coupling patterns. Other advantages of this method over conventional techniques are discussed.
One of the characteristics of the biosynthesis of asparaginelinked oligosaccharide chains ofglycoproteins is that multiple oligosaccharide structures are found at the same glycosylation site (1) . These site-specific patterns have been found to be reproducible and nonrandom (2) . It has been suggested that oligosaccharide heterogeneity exists to diversify the physical or functional characteristics of a peptide sequence (3) (4) (5) (6) .
Using NMR, we have demonstrated that free N-linked oligosaccharides in solution have regions of defined secondary structure (7, 8) . Subsequently, however, we and others (9, 10) reported that points of flexibility between the regions of secondary structure permit multiple defined conformers in solution. During biosynthesis, the restriction to a single conformer when the oligosaccharide is attached to a protein may direct the site-specific N-glycosylation process. The reproducible site-specific oligosaccharide patterns would therefore correspond to allowable oligosaccharide conformer pathways, which the protein indirectly controls.
At present the only method with which to determine oligosaccharide conformation in solution is NMR. The first stage of conformational analysis by NMR is to assign the resonances to individual atoms. In this respect, the application of two-dimensional techniques (ref. 11 and refs. therein), which have heralded a new era for conformational analysis in proteins (12) (13) (14) , is also of immense value for oligosaccharides.
Recently, we have demonstrated the applicability of a variety of two-dimensional NMR techniques for the determination of proton resonance assignments in oligosaccharides. These include 'H-'H correlated spectroscopy (COSY) (15) , multistep relayed correlation spectroscopy (RECSY) (16) , triple-quantum filtered 'H-'H correlated spectroscopy (TQCOSY) (9) , and the use of intraresidue through-space connectivities determined from two-dimensional nuclear Overhauser effect (NOESY) experiments (9) . A combination of these experiments often allows a complete set ofresonance assignments to be made for any given oligosaccharide type.
In complex and bisected complex type oligosaccharides, COSY and RECSY can be used to assign the ring protons (H1-H5) of each monosaccharide residue, whereas TQCOSY is of value for the assignment of geminal H6 protons (9) . An important exception in this strategy arises when two or more protons are strongly coupled. The delicate balance of coupling constants (Js) vs. interpulse delay (T) values in the RECSY experiment is then disturbed, resulting in inefficient coherence transfer around the ring with subsequent uncertainty in the assignment of H4s and H5s. Thus, we have consistently noted difficulties in the complete assignment of primary sequence branch-point residues in N-linked oligosaccharides when substitution at the C-3 position occurs, since this often results in strong coupling of H3 and H4 of the aglycon. These assignments are particularly important for structural studies, since conformational variance at branchpoints alters the overall conformation of the molecule (9) .
An additional complication is found in the assignment of branch-point residues in oligomannose-type oligosaccharides since the large degree of symmetry and repeating structure causes severe cross-peak overlap, which is manifest even in TQCOSY spectra. As an alternative to the above coherence transfer techniques, we have previously relied on NOESY experiments to yield the relevant assignments in oligomannose-type compounds (9) , but these will not be of universal value because of the correlation time dependence of the NOE. The latter can be very small for some biologically relevant oligosaccharides, and unambiguous assignments are difficult to obtain.
In the present study, an alternative strategy is described, which by circumventing the problems associated with strong coupling and cross-peak overlap, provides resonance assignments in a single experiment for monosaccharide residues with arbitrary spin-coupling topography. The rationale is similar to that described previously for RECSY-i.e., the propagation of efficient coherence transfer throughout the spin system, which can be observed at the wi coordinate of the resolved anomeric (or H2) proton of each monosaccharide residue. However, in the present method, the mixing sequence used in RECSY is replaced by a spin-lock period, as originally suggested by Eich et al. (17) . The resulting coherence transfer in the rotating frame can, for a sufficiently long spin-lock time, lead to efficient magnetization transfer through entire coupling networks (18, 19) . Here, we illustrate the application of this method in the determination of proton resonance assignments for key monosaccharide residues in
Abbreviations: COSY, 'H-'H correlated spectroscopy; TQCOSY, triple-quantum filtered COSY; RECSY, relayed correlation spectroscopy; NOESY, two-dimensional nuclear Overhauser effect spectroscopy.
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MATERIALS AND METHODS

The unreduced oligosaccharide Man
3)]Man(,31-4)GlcNAc(p1-4)GlcNAc was prepared from soybean agglutinin by preparative scale hydrazinolysis as described (9) . The sample was dissolved in 400 ul of 99.96% 2H20 to a concentration of =5 mM. Two-dimensional homonuclear Hartmann-Hahn experiments were recorded at 500 MHz using the method described by Davis and Bax (18) , with a spin-lock time of 125 msec, consisting of twelve 5-msec spin-lock pulses with a phase of +x, and thirteen 5-msec pulses with a phase of -x. Under these conditions, crosspeaks due to rotating-frame Overhauser effects (20) were found to be very weak. To reduce the effects of bandwidthlimitation of the spin-lock pulse, the spectral width was reduced to ±575 Hz by aliasing the methyl proton singlets of the N-acetyl protons into a region of the one-dimensional spectrum that was clear of resonances. This allowed the position of the transmitter offset to reside in the center of the region of interest, with the additional advantage of increased digital resolution. The rf power used for the spin-lock pulse was sufficient to generate a field of5.7 KHz. Monosaccharide residues and their corresponding proton resonances are labeled by using the nomenclature described (21) .
RESULTS AND DISCUSSION
The one-dimensional 500-MHz 1H NMR spectrum of com- Fig. lb (9) . However, several techniques were required to obtain the relevant assignments. Thus, while multistep relayed correlation spectroscopy allowed for the assignment of the majority of ring protons, this was not the case for the branch-point residue Man-4' due to the presence of strong coupling (9) . In addition, unlike other oligosaccharide types, TQCOSY was found to be unsuccessful in generating assignments for the H6 protons of both Man-3 and
Man(f31-4)GlcNAc(31-4)GlcNAc due to severe cross-peak overlap, and NOESY experiments were found to be necessary for this purpose (9) .
The present technique provides a much faster route to the determination of the above assignments. Shown in Fig. 2 Cross-sections a and b are derived from a spectrum recorded with 512 t1 increments (total acquisition time, =10 hr) but were zero-filled to 8192 data points after apodisation with phase-shifted (Xr/12) sine-bell functions. In contrast, the cross-section in e (col = 4.23 ppm) was derived from a spectrum with 128 t i increments (total acquisition time, -2.5 hr), followed by apodisation and zero-filling to 8192 data points.
to simulate the experimental spectra using the J values derived from the free monosaccharide (22) together with the shift values determined from the cross-sections. An important aspect of the present technique in comparison with RECSY, as predicted by Eich et al. (17) , is that coherence transfer is propagated efficiently through the entire coupling network for a sufficiently long homonuclear Hartmann-Hahn spectroscopy spin-lock period, essentially independent of spin topography. Thus, despite strong coupling between Man-4' H3 and H4, magnetization is efficiently transferred to the H5 and H6 protons. An important distinction between these methods is that coherence transfer in the RECSY experiment is described in the singly rotating frame where the presence of strong coupling gives rise to nonnegligible off-diagonal elements of the appropriate Hamiltonian. It is the presence of these elements that makes a complete description of coherence transfer complex and consequently it is difficult to estimate the optimum interpulse delays in the RECSY pulse sequence. The basis for the efficiency of homonuclear Hartmann-Hahn spectroscopy in a spin system of this type lies in the different coherence transfer mechanism in comparison with RECSY. In the homonuclear Hartmann-Hahn spectroscopy experiment, the purpose of the spin-locking rf field is to generate an effective Hamiltonian, which is dominated, but not necessarily completely (23) , by the full isotropic coupling Hamiltonian. A description of coherence transfer is then provided by transforming to the tilted frame, where it is found that the spin operators do not evolve independently (as in the weak coupling limit) but participate in collective spin modes (19) under the influence of Hp. The presence of inherent strong coupling within the spin system does not, therefore, result in the problems inherent in RECSY. These considerations suggest that homonuclear Hartmann-Hahn spectroscopy may provide a general method for the assignment of 1H NMR spectra of oligosaccharides.
A disadvantage of homonuclear Hartmann-Hahn spectroscopy is that there will be antiphase magnetization transverse to the spin-locking field (19) . This magnetization leads to dispersive contributions in the cross-peaks. The exact contribution of this process to cross-peak intensity is difficult to evaluate since it is sensitive to inhomogeneity in the applied spin-lock field (19) . However, we find that for a spin-lock time of 125 msec, and with the range of frequency offsets inherent in this sample, cross-peaks are of essentially absorptive character. In addition, since the mixing sequence gives rise to net coherence transfer, cross-peak multiplets are in-phase, rather than in antiphase as found in COSY and RECSY. It is therefore feasible to reduce the digital resolution without incurring significant loss in cross-peak intensity. As an example, the cross-section in Fig. 2e (at w1 = 4.23 ppm) was obtained by using just 128 t1 increments, resulting in a total acquisition time of 2.5 hr. Sufficient information is contained in this spectrum to allow complete assignment of Man-3 in a fraction of the acquisition time normally used in conventional two-dimensional experiments. We note that in all of these spectra, a phase-shifted sine-bell apodization function has been applied. This is merely to allow comparison of Fig. 2e , where severe truncation of the free induction decay occurs during t1, with the remaining cross-sections in Fig. 2 . There is otherwise no necessity for the application of any sensitivity-limiting weighting functions, and it is appreciated that the truncation artefacts in Fig. 2e could potentially be removed by maximum entropy reconstruction (24) . For very weak samples, a minimum number of t1 increments could thus be taken to collect a larger number of transients, thus affording a worthwhile improvement in sensitivity.
Apart from the efficacy of this technique as a rapid assignment aid, it is envisaged that the determination of primary monosaccharide sequences by NMR will be facilitated. Although sequence data have been successfully obtained, primarily from anomeric and mannosyl H2 proton shifts (21) , these shifts can be rather insensitive when distal to the linkage position, and high-field spectrometers together with resolution enhancement procedures are often required. In the present method resonance assignments proximal to the glycosidic linkage can be obtained rapidly. In this context, it is important to realize that for weak samples, which might require thousands of scans to achieve a workable signal-tonoise ratio in one-dimensional spectra, it would be advantageous to exploit the much greater information content of the present experiment without a significant increase in acquisition time. This arises from the often overlooked fact that the signal-to-noise ratio of an unweighted two-dimensional experiment recorded under the correct experimental conditions can be on the order of a one-dimensional spectrum of the same sample recorded with the same total number of scans (25) .
Finally, it is clear that the potential of homonuclear Hartmann-Hahn spectroscopy in the form of subspectra for each monosaccharide is suited to sequence determination of oligosaccharides by pattern-recognition procedures (26) . This would be analogous to the well-documented fingerprint technique for oligosaccharide sequence determination by conventional one-dimensional NMR (21) but utilizing the complete set of resonance assignments.
